In this paper we calculate the next-to-leading-order (NLO) corrections to ρ-meson electromagnetic form factors by employing the k T factorization approach. We find that the NLO correction to F i (Q 2 )(i = LT, T L) is less than 45% of the leading-order (LO) contribution in the region Q 2 > 2GeV 2 . The NLO correction to F LL (Q 2 ) is close to 20% of the LO one in the region Q 2 > 4GeV 2 . The NLO radiative corrections to the electric, magnetic, and quadruple form factors F j (Q 2 )(j = 1, 2, 3) are sizeable in magnitude and agree with those from other approaches.
I. INTRODUCTION
The form factors, as the important nonperturbative observables in hadron physics, are essential for studying the structure of various hadrons. For light meson, their electromagnetic and transition form factors have been studied extensively due to their significance in phenomenology. Over the past decades, the collinear and k T factorization for light meson form factors have been demonstrated [1] [2] [3] [4] [5] and calculated [6] [7] [8] [9] based on the Perturbative QCD (PQCD) factorization approach. For the pseudoscalar mesons such as the pion, the form factors are well understood up to NLO accuracy [6, 7] . For the vector mesons, however, the situation is rather different. For the ρ meson, for example, the NLO correction to its electromagnetic form factor in k T factorization is still absent now. In early years, the NLO correction to ρ-meson electromagnetic form factors have been investigated by employing the QCD sum rules [10] , the light cone sum rules [11] , the light-front quark model [12] and so on. In this paper, we will calculate the NLO correction to the ρ-meson electromagnetic form factors associated with the process ργ * → ρ in the framework of the k T factorization approach.
A modified perturbative QCD approach based on the k T factorization, named as the PQCD approach [16] [17] [18] [19] [20] [21] [22] , was proposed two decades ago and has been successfully applied for many exclusive processes, such as the calculations of some transition form factors [23] , the two body and three body decays of B mesons [24] [25] [26] [27] [28] , the production of light mesons in colliders [29] and so on. By introducing a small transverse momentum k T , the collinear divergences could be regulated in both the full QCD Feynman diagrams and the effective diagrams. The physical amplitudes can then be written as the convolution of the universal nonperturbative hadron wave functions and a hard scattering kernel. For the ρ meson electromagnetic form factor, its NLO hard kernel is defined as the difference between the full QCD Feynman diagrams and the corresponding effective ones in k T factorization theorem. For the transition process ργ * → ρ, the collinear divergence from gluon emission in the quark diagrams are cancelled by those in the ρ wave function, and the soft divergences will be canceled by summing over all quark diagrams, which ensured by the KLN theorem [30, 31] . Then we can derive the infrared-safe k T -dependent NLO hard kernel for ρmeson electromagnetic form factors, which have been verified in the k T factorization approach. This paper is organized as follows. In Sec. II, we briefly summarize the LO predictions of the rho electromagnetic form factors from the PQCD factorization approach. In Sec. III, we calculate the O(α 2 s ) QCD quark diagrams, and the corresponding effective diagrams for the rho meson wave function, and then derive the NLO hard kernel for its electromagnetic form factor. Numerical results will be given in Sec. IV. Sec. V contains the conclusion.
II. RHO ELECTROMAGNETIC FORM FACTOR AT LEADING ORDER
The leading-order quark diagrams of ρ meson electromagnetic form factors in the ργ ⋆ → ρ process as shown in Fig. 1 are calculated in this section. We focus on Fig. 1(a) only, since the contribution from other three diagrams can be obtained from the exchanging symmetry between Fig. 1 
(a) and Figs
The leading order Feynman diagrams for ργ ⋆ → ρ process.
The moment of the initial-state (final-state) rho meson is defined in the light-cone (LC) coordinate as,
with the factor γ 2 ρ ≡ M 2 ρ /Q 2 . The anti-quark in initial and final rho carries momentum k 1 = (x 1 p + 1 , 0, k 1T ) and k 2 = (0, x 2 P − 2 , k 2T ), respectively, where k T represents the transversal momentum. Then the momentum transfer squared is q 2 = (p 1 − p 2 ) 2 = −Q 2 . The polarization vectors of the initial and final ρ mesons are also defined as,
The rho meson wave functions are written as [13, 14] ,
where φ ρ and φ T ρ denote the twist-2 distribution amplitudes (DAs), φ s/t ρ and φ v,a ρ are twist-3 DAs, n = (1, 0, 0 T ) and v = (0, 1, 0 T ) are unit vectors in the light-cone coordinate system, and N c = 3 is the number of colors. The ρ meson electromagnetic form factors F j (Q 2 )(j = 1, 2, 3) in ργ ⋆ → ρ process are defined in the same form as the one given in Ref. [10] ,
These form factors F j (Q 2 ) do satisfy the following relations by definition,
After making the analytic calculations for the four Feynman diagrams in Fig. 1 , we obtain the PQCD predictions for the rho meson electromagnetic form factors,
where C F = 4/3, S t (x) is the threshold resummation function parameterized in the simple powerfunction formula [20, [34] [35] [36] , S ρ is the k T Sudakov factor for the transversal momentum [18, 37, 38] . The hard function h(
is obtained from the Fourier transformation of the propagators on transversal components,
where the special functions K 0 and I 0 are the modified Bessel functions.
III. THE NLO CORRECTIONS TO RHO FORM FACTORS
In this section we consider the NLO gluon radiative corrections to the rho meson electromagnetic form factors in the framework of the k T factorization. Our calculation is based on the following hierarchy of the energy scales [39, 40] ,
The NLO hard kernel is defined by taking the difference between the full amplitude and the effective diagrams, where the wave functions in the latter one absorb all infrared (IR) divergence at a certain order of strong coupling,
). (14) where G (1) denotes the NLO quark diagrams associated with Fig. 1(a) , Φ (1) presents the O(α s ) effective diagrams for quark-level wave function, and H (0) is the LO hard kernel of Fig. 1(a) .
Full amplitudes at NLO
The full amplitudes for the NLO corrections to Fig. 1(a) include the self-energy correction, the vertex correction and the box and pentagon correction, as shown in Fig. 2, Fig. 3 and Fig. 4 , respectively. We firstly define the dimensionless ratios
The infrared divergences are both regulated by logarithms ln δ 1 and ln δ 2 , while their overlap singularity is regulated by double logarithms ln 2 δ 1 and ln 2 δ 2 . We only focus on the NLO correction to
). The structure of the NLO correction to F LL22 is the same one as that to pion electromagnetic form factor at leading twist [39] . And the NLO correction to F T L23 has similar behavior with the rho pion transition form factor [41] . So here we only pay close attention to the NLO correction to F LT 23 . By analytic evaluations of the one-loop Feynman diagrams as shown in Fig. 2 (a-i), we find the self-energy corrections of the external (internal) quark and hard gluon:
where 1/ε is the ultraviolet pole, µ is the renormalization scale, γ E is the Euler constant and N f is the number of quark flavors. The collinear divergences from gluon collimated to the initial-state (final-state) external quark in Fig. 2(a-d) are regularized into infrared logarithms in ln δ 1 (ln δ 2 ). The correction of internal quark is regularized into ln x 1 Q 2 in Fig. 2(e) , since it is off-shell by the invariant mass squared x 1 Q 2 . Analogously, the self-energy correction to the hard gluon is regularized into ln δ 12 in Fig. 2(f-i) . By the same way, we find the results for the vertex corrections as shown in Fig. 3 (a-e) :
The NLO correction G
3a contains the infrared logarithm ln δ 1 and ln x 1 only, since the end of radiative gluon are attached to initial-state external quark line and internal quark line in Fig. 3(a) . The correction G 
3d contains the term ln(δ 12 Q 2 ) with the LO hard gluon invariant mass squared δ 12 Q 2 . There are two infrared logarithms ln δ 1 and ln δ 2 coming from the gluon collinear with the incoming and outgoing quark lines. For Fig. 3(d) , there always exist a hard gluon at leading order and no overlap of collinear divergence which may cause the soft divergence (double log). Another triple-gluon vertex correction G (1) 3e , the same as G (1) 3a in Fig. 3(a) , involves only infrared logarithm ln δ 2 and ln x 1 . Unlike the case for Fig. 3(d) , there is only infrared logarithm ln δ 2 in Eq. (23), which is mainly induced by the structure of hard gluon restricting the additional gluon being attached to the final up quark. We sum up all the UV terms in the self-energy and vertex corrections into α s (11 − 2N f /3)/(4π), which agree with the universality of the wave function as given in Ref. [39, 40] .
The corrections from the box and pentagon diagrams in Fig. 4 are free from the ultraviolet Fig. 1(a) .
divergence, and can be written in the following forms
whereH (0) is the LO hard kernel of Fig. 1(b )
Here we have to point out that the Fig. 4 (a-c) also have the contributions to the LO quark diagrams Fig. 1(b) . The correction G
4c does not have any infrared logarithms, because the γ-matrices of the gluon vertex here would give a suppress by power counting. The contributions from the reducible diagrams, Fig. 4 (b) and 4(d), which are power-suppressed at small x, can be canceled by the relevant effective diagrams. The correction of Fig. 4 (e) and Fig. 4(f) , with the soft radiative gluon attaching to the incoming and outgoing quark lines, involve the soft logarithm ln δ 1 ln δ 2 , and also cancel with each other.
Then we sum over all the NLO contributions from the quark diagrams associated with Fig. 1(a) and find the result
for N f = 6.
Effective diagrams at NLO
Next we will calculate the effective diagrams in terms of the convolution of NLO initial(final) meson wave functions and LO hard kernel,
FIG. 5. The effective diagrams for the initial ρ meson wave function.
and also the O(α s ) effective diagrams for the quark-level wave function of ρ meson is given as
where y = (0, y − , y T ) and z = (z + , 0, z T ) are light cone coordinates of the anti-quark field. The Wilson line operator W y (n 1 )(W z (n 2 )) with the choice of n 2 1 = 0 (n 2 2 = 0) to regularize the light-cone singularities can be written as
Then O(α s ) wave function depend on n 2 through the scale ξ 2 1 ≡ 4(n 1 · p 1 ) 2 /|n 2 1 | and ξ 2 2 ≡ 4(n 2 · p 2 ) 2 /|n 2 2 |. This scale dependence, which is regarded as a factorization-scheme dependence, can be minimized by choosing a fixed n 2 [42] . In this paper, we will choose the ξ 2 1 = ξ 2 2 = Q 2 to minimize the scheme dependence.
The explicit expressions for the O(α s ) contributions from the effective diagrams displayed in Fig. 5 (a-j) are given as
with the factorization scale µ f . We can also see that the double log ln 2 k T disappears ultimately due to the same reason as in the full amplitudes. We naively consider the reducible Fig. 5(c) as zero because it also reproduces the result of quark diagram Fig. 4(e) exactly. Their summation gives
We also calculate the third term of Eq. (14), with the wave function of final state meson is Eq. (32)
The effective Feynman diagrams for the NLO wave function of the final state are similar with those as shown in Fig. 5 , we do not show the details of them for the sake of simplicity, but show the summed result i=a,··· ,h
NLO hard correction
The double logarithm ln 2 x 1 should be absorbed into the jet function, which emerged when the internal quark is on-shell in the small x 1 region [43] ,
We obtain the NLO hard kernel in the MS scheme with Eq. (14) ,
Then we present the expression of F T L23 (and F LL22 ) directly, which has the same form with the rho pion transition form factor ( and pion electromagnetic form factor at leading twist). 
IV. NUMERICAL ANALYSIS
In this section we evaluate the form factors ad present the numerical results.
We calculate the LO contributions in Eqs. (9) (10) (11) and NLO contributions in Eqs. (49,50), and show the theoretical prediction in Fig. 6(a) : (1) the red dashed curve denotes the LO contribution of F LL (Q 2 ), while the red solid curve shows the summation of the LO and NLO contribution;
(2) the blue dotted ( dot-dashed ) curve denotes the LO contribution ( the summation of the LO and NLO ones ) of F LT,T L (Q 2 ); and (3) finally the green dot-dot-dashed curve shows the LO contribution of F T T (Q 2 ). We also give the ratio of the NLO contribution over the LO contribution to the F LL (Q 2 ) and F LT /T L (Q 2 ) in Fig. 6(b) , where the solid line denotes the ratio of the NLO contribution over the LO contribution to the F LL (Q 2 ), and F LT /T L (Q 2 ).
One can see that the PQCD predictions vary quickly in the region of Q 2 < 2GeV 2 , which tell us that the perturbation theory may not be reliable in such region. For F LL (Q 2 ) the NLO part is around 20% of the LO one when Q 2 > 2GeV 2 . For F LT /T L (Q 2 ), the NLO contribution is around 30% of the LO contribution in the region of Q 2 > 3GeV 2 . The NLO correction of F T T (Q 2 ) is not given here, for more details one can see [45] .
In Fig. 7 , we show the PQCD predictions for the ρ meson electric form factor F 1 (Q 2 ), the magnetic form factor F 2 (Q 2 ) and the quadruple form factor F 3 (Q 2 ) at the LO and NLO level, where the dashed (solid ) curve denotes the LO (NLO) result. It is easy to see that our numerical result is not stable in the small Q 2 region. In Fig. 7 , we show the LO and the NLO PQCD predictions for the form factors F i (Q 2 ) with i = (1, 2, 3) . The value of electric F 1 (Q 2 ) is less than 0.05GeV 2 in the region of Q 2 > 6GeV 2 , we also find F 2 (Q 2 ) ∼ 0.1GeV 2 and F 3 (Q 2 ) ∼ 0.01GeV 2 in the region of Q 2 = 4GeV 2 . These predictions agree well with those as given in QCD sum rules. The asymptotic behavior of the form factors are F 1 (Q 2 ) ∼ F 2 (Q 2 ) ∝ 1/Q 4 and F 3 (Q 2 ) ∝ 1/Q 6 . V. CONCLUSION
In this paper we studied the ργ * → ρ transition process and calculated the next-to-leadingorder corrections to the ρ meson electromagnetic form factors in the framework of the PQCD factorization approach. We firstly derive the infrared-finite NLO hard kernel for ρ meson electromagnetic form factors by taking the difference of the quark diagrams and the effective diagrams for the pion wave function, and then calculate the NLO corrections to the form factors F i (Q 2 )(i = LL, LT, T L), and present the expressions of the electric F 1 (Q 2 ), the magnetic F 2 (Q 2 ) and the quadruple F 3 (Q 2 ) form factors of ρ meson in the hard scale.
We found that the NLO corrections to F LT,T L are less than 45% of the LO contribution in the region Q 2 > 2GeV 2 , where the PQCD approach is applicable. The NLO correction to F LL (Q 2 ) is around 20% of the LO one in the region Q 2 > 4GeV 2 . The NLO radiative corrections to the electric, the magnetic, and the quadruple form factors F j (Q 2 )(j = 1, 2, 3) are sizeable in magnitude, and do agree with the results from the QCD sum rules.
